The present paper examines the use of ~ontro~~d release implunts as a mean for optimizing drug concentrations at the affected site in the ~ard~v~~u~r system, while using a relatively low systemic dose. Controlled 
INTRODUCTION
The therapy of a variety of cardiovascular diseases is often hampered by adverse drug effects. For example, antiarrhythmic therapy using drugs such as propanolol, lidocaine, or amiodarone is often complicated by drug-related cardiac and systemic adverse effects [l- 31. The use of controlled release implants is a potential way to avoid this type of problem and optimize treatment. The general strategy to be considered in this paper is that of implanting a drug delivery device at the site of an actual or potential pathologic process within the cardiovascular system. Local administration of a drug by this means is hypothesized to produce high regional concentrations, but relatively low net systemic doses. Thus, this approach would optimize therapy where it is needed and avoid high level drug exposure.
For the purpose of this paper controlled release will be defined as drug administration by means of an inert polymeric drug carrier. The drug may be incorporated into a controlled release system either as a dispersion in a monolithic matrix, or in the core of a reservoir. Matrices are typically formed with dispersions of uniform drug particles in biocompatible polymeric materials. Examples of nondegradable matrix polymers which have been widely used include: ethylene vinylacetate [ 4-61, silicone rubber [ 7-91, and polyurethane [lo] . It is often advantageous to utilize biologically degradable matrix materials for controlled release implants, and this approach has been carried out using matrices composed of compounds such as poly (glycolic-lactic ) acid [ 111, polyanhydrides [ 12 1, and poloxamers [ 131.
Reservoir configured controlled release systems have been less thoroughly investigated than matrices. However, reservoir systems offer a number of advantages including the ability to vary drug dosages, replenish drug supplies, or change therapy to a new pharmacologic agent. Controlled the potential for controlled release systems to deliver peptides and proteins over sustained periods ranging from weeks to months with intact biologic activity. Also of note, is the potential for varying the duration of controlled release depending upon the drug-polymer formulation [6, 7] used and on the geometry utilized as well [17, 18] . For example, hemispheric configured controlled release systems maintain a nearly constant drug release pattern while rectangular or cylindrical configured systems have a rather accelerated early phase of release followed by a continuous decline in drug release rates [17,X]. In addition, using drug salts of relatively lower solubility [7] , as well as rate-limiting membranes [7] , it is possible to sustain controlled release durations for periods of months to years. However, using either biodegradable systems or thin elastomeric films, release durations can also be made as brief as desirable.
Initial interest in the local administration of drugs in the cardiovascular system can be traced to the work of Mautz in the 1930s [ 191. This investigator administered procaine into the pericardial sack of dogs and demonstrated a reduction in ventricular irritability. The pioneering of Folkman and Long [20] led to the first use of a controlled release system as a cardiac implant in the 1960s. These investigators fashioned silicone rubber reservoirs filled with various cardiac chronotropes.
The silicone rubber reservoirs were demonstrated to function as pharmacologic pacemakers when they were loaded with agents such as thyroid hormone or norepinephrine and placed within the myocar-dium. Thus, these prior investigations demonstrated the potential for drug administration directly to the heart and were fundamental to subsequent discoveries.
MATERIALS AND METHODS
Poly (dimethyl siloxane) s (SIL) used for controlled release studies were medical grade Silastics (Dow Corning, Midland, MI). Ethylene vinylacetate was obtained from DuPont (Wilmington, DE), and the polyurethanes used in our studies were either Tecoflex 80A or Thyomer (Thermedics, Woburn, MA). Ethanehydroxydiphosphonate (EHDP) as the disodium salt was provided by Norwich Eaton, Inc. (Norwich, NY ). Lidocaine HCl was provided by Abbott Laboratories (Chicago, IL). Other chemicals used were reagent grade as obtained from Sigma (st. Louis, MO). Bovine pericardium or porcine aortic valves were obtained fresh at slaughter and pretreated with glutaraldehyde as previously described [ 5-71. Pretreated tissue was stored for at least 3 weeks or more prior to use.
Controlled release matrices were formulated as either drug dispersions in solid prepolymer [ 5-91 or as drug-polymer solutions in dimethylacetamide for certain polyurethane studies [lo] . Matrices were cast in the desired geometric shape and were allowed to polymerize or solidify or both depending upon the formulation. In vitro release of controlled release matrices was carried out in an excess of a physiologic buffer (pH 7.4, 0.05 A4 HEPES) at 37°C with frequent sampling of the releasing buffer for radiolabeled ( 14C ) drug [ 5-101.
Rats used in the subdermal bioprosthetic implant calcification experiments were 3 week old male Sprague Dawley-CD (Charles River Inc., Burlington, MA) [ 5-71. Sheep used in the open heart tricuspid valve replacement studies were male Suffolks, ages 5 to 7 months, weighing 40 to 50 kg at the time of surgery [ 8, 9] . Bioprosthetic tissue explant assessment for calcification and morphology was carried out as previously described. The dogs used in the arrhythmia experiments were male mongrels ranging in weight from 10 to 20 kg. The animals were monitored for electrocardiographic changes throughout these experiments [lo] , and periodic blood sampling for antiarrhythmic drug levels were obtained as well [lo] .
RESULTS AND DISCUSSION

Preventing experimental cardiovascular calcification
The formation of calcium phosphate deposits in blood vessels and heart valves is a common pathologic process complicating both primary cardiovascular disease and cardiovascular implant surgery [ 211. There has been virtually no progress in the therapy of established cardiovascular calcifications, and prevention of the formation of these lesions has been complicated by side effects of the anticalcification agents. The bulk of the work in this area has focused on the use of diphosphonate compounds for prevention of experimental bioprosthetic heart valve calcification (Table 1) .
Valvular bioprostheses are prepared with either glutaraldehyde-pretreated porcine aortic valves or stent-mounted glutaraldehyde-pretreated bovine pericardium [ 221. These devices have been widely used as replacement cardiac valves because of their central orifice flow properties and relative nonthrombogenicity. However, calcification is the chief limiting factor leading to the clinical failure of these prostheses [7] resulted in the inhibition of bioprosthetic leaflet calcification at a dose of sufficiently low so as to avoid toxic side effects.
Controlled release diphosphonate has been demonstrated to be effective in the subdermal experimental model 15-71, although this approach has not been clearly beneficial in circulatory studies [ 81. A notable aspect of this work has been the use of mixtures of the sodium and calcium salts of ethanehydroxydiphosphonate (EHDP ) [ 7 1. This has facilitated prolonging the release duration of the matrix so that a one to one mixture of sodium and calcium EHDP in a silicone rubber matrix as a 20% loading has an extrapolated release duration of more than 30 years [7, 8] . A matrix composed of a 20% loading dicalcium EHDP in silicone rubber has an extrapolated release duration of more than 100 years and still maintains drug efficacy in the subdermal model [ 71.
The use of a controlled release matrix in conjugation with a functioning bioprosthetic heart valve is very challenging. It is necessary to position the controlled release matrix so that the drug can enter the heart valve leaflet tissue directly without being washed away by circulation. However, the controlled release matrix cannot interfere with the mechanical aspects of heart valve function. The strategy that has been used to surmount these difficulties has been to position the matrix as a periannular implant releasing drug to the site of heart valve leaflet attachments (Fig. 1) . The diffusion of the drug would then take place from the attachment point into distal leaflets. One obvious limitation of this approach is the concentration gradient which must occur from the valve attachment points to the free edges, which results in less drug being present in the most distal aspects of the heart valve. A way around this is to preload heart valve leaflets with either a relatively insoluble diphosphonate salt such as calcium EHDP [31] , or a covalently bound di- phosphonate such as aminopropanehydroxydiphosphonate, which binds to residual aldehyde groups [ 32 1.
Controlled release for cardiac arrhythmias
Recent work from our laboratory has demonstrated the feasibility of controlled release administration of lidocaine from polyurethane matrices into the epicardium in dogs with experimental ventricular tachycardia (Fig. 2 , Table 2) [lo] . In our initial experiments ventricular tachycardia was induced with ouabain administration and a controlled release matrix was placed at a consistent location on the left ventricular epicardium [lo] . Conversion of the ventricular tachycardia took place by 1.5 min and resulted in plasma lidocaine levels which roughly were one quarter of those noted with the identical drug doses administered intravenously. Lidocaine, in addition to having severe systemic side effects, is also a myocardial depressant. Therefore, in collaboration with Dr.
Kim Gallagher of the University of Michigan, the effect of epicardial lidocaine on myocardial thickening was assessed with implanted sonomicrometers [ 33,341. Minimal (10% ) depression of ventricular thickening was noted with a dose of 7.5 mg/kg of lidocaine. However, when doses as low as 0.3 mg/kg were administered into the coronary circulation, profound depression of thickening (greater than 30%) were noted. Thus, epicardial administration of lidoCaine with a controlled release matrix takes place without adverse effects on cardiac function.
Subsequent investigations have also demonstrated the efficacy of epicardial lidocaine administration with the controlled release matrices for another model of experimental ventricular tachycardia, which was produced with rapid subthreshold impulses (cycle length of 50 ms ) [ 341 administered to epicardial ventricular electrodes in dogs. In this model system, controlled release lidocaine dosages on the order of 0.01 mg/kg were effective for conversion of ventricular tachycardia to sinus rhythm. It should be noted that these doses are approximately 100 times below conventional therapeutic dosages. Although initial investigations with this model system focused on lidocaine, subsequent studies have demonstrated efficacy of epicardial controlled release for a number of other antiarrhythmic agents including: procainamide, amiodarone, verapamil, flecainide, encainide, and nickel chloride. Ongoing work is investigating the use of these matrix systems for arrhythmias due to acute ischemia.
Other uses of cardiovascular controlled release
Cardiac controlled release is currently in clinical use with the Medtronic steroid eluting pacing catheter. This concept was based on the pioneering work of Stokes and his colleagues Ref.
10
34 scar tissue at the pacing electrode tip. In order to counteract this phenomenon, Stokes and his colleagues formulated a silicone rubber controlled release system containing dexamethasone [15, 16] . This antiinflammatory agent is slowly released over many years time from the pacing tip of the catheter into the endocardium in which the lead is embedded. Drug release at this site prevents scar tissue build-up and thus results in the maintenance of a relatively low electrical threshold for cardiac pacing. Dexamethasone is a potent antiinflammatory steroid, and thus the drug effect per dose administered is very much optimized. In addition, the site specificity of administration of dexamethasone has been maintained by administering the drug directly into the myocardium in a configuration which avoids circulatory washout. Another example of a different type of cardiovascular controlled release system is that of Olanof, Anderson, and Jones [35] , who demonstrated successful controlled release of antibiotics to prevent prosthetic valvular endocarditis in a dog model. These investigators dispersed gentamicin into silicone rubber rings which were then incorporated in a periannular configuration surrounding the sewing cushion of a mechanical heart valve prostheses. In vitro drug release, and in uiuo release and efficacy were documented for preventing bacteremia in this dog model. This particular approach would be most suitable for cardiac valve replacement in the setting of valvular bacterial endocarditis.
CRITICAL ASPECTS AND FUTURE CONSIDERATIONS
An important limitation of controlled release matrices is their finite drug supply. Although it is possible for matrix release to be prolonged through through the use of rate-limiting membranes [7] and relatively insoluble drug salts [7,8], this approach results in lower net drug dosages, which may not be effective for the particular disease of interest. Reservoir systems offer a number of advantages in this regard. Reservoir devices could be assessed percutaneously and the drug concentration may be altered as needed. Alternatively, the drug supply can be replenished or the therapeutic agent changed advantageously. Recent work from our laboratory has demonstrated the feasibility of this appraoch for a controlled release reservoir containing ethanehydroxydiphosphonate
[ 361. Polyurethane reservoirs containing a mixture of the sodium and calcium salt demonstrated sustained release properties with an extrapolated release duration of more than five years, and yet with anticalcification efficacy in the subdermal model [ 
361.
Another important consideration is the fact that the controlled release systems described thus far in this paper have release rates which cannot be altered once the devices have been implanted. However, modulation of controlled release is possible through the use of either ultrasound [37] or electromagmetism [38] . In particular, electromagnetic modulation of controlled release is a particularly rapid and sensitive way of increasing or decreasing release rates as desirable. Langer and his colleagues have demonstrated that the incorporation of magnets into polymeric matrices permits modulation by an external electromagnetic field. The release rate, in fact, has been demonstrated to be significantly correlated with magnetic field strengths and the response time of their ethylene vinylacetate system was on the order of minutes [ 38 1. Thus, for diseases such as cardiac arrhythmias where a rapid increase or decrease in drug delivery rate would be desirable, modulated systems such as the electromagnetic approach would be advantageous.
In addition, it would be most desirable for certain cardiovascular diseases to have closedloop feedback responsiveness regulating controlled release. The best example of a situation in which this would be desirable is that of cardiac arrhythmias. Cardiac arrhythmias can be readily sensed through computer-mediated algorithms which detect changes in the electrocardiographic patterns. Once these changes have been sensed a controlled release matrix, such as the electromagnetic one just described, could then be triggered and could provide increasing levels of drug until the arrhythmia had subsided. The computer technology needed to carry out the sensing and triggering aspects of this approach already exists and is being used currently in the implantable defibrillator systems [39] . What remains to be done is for a suitable controlled release formulation to be coupled with this existing technology.
There are other potential future uses for controlled release for cardiovascular disease. It may be advantageous to administer immunosuppressives following cardiac transplantation directly into the heart to avoid such complications as cyclosporin-mediated hypertension [ 401 and encephalopathy [ 411. Controlled release matrices might also be advantageous for thrombolysis and anticoagulation, if used as intravascular implants. Further, controlled release intravascular implants containing free radical scavenging enzymes and related agents may also one day be therapeutically useful in the therapy of ischemic organ damage [ 421.
CONCLUSION
Controlled release implants have been demonstrated to be effective for a number of settings related to cardiovascular disease. Dexamethasone-silicone rubber matrices for preventing excessive scar tissue formation are already in clinical use in a cardiac pacing catheter configuration.
Other successful experimental uses of controlled release include: prevention of cardiovascular calcification with diphosphonates; therapy of ventricular tachycardia with lidocaine HCl and other antiarrhythmic agents; and prevention of cardiac valve prosthesis endocarditis with an antibiotic eluting valve prosthesis sewing cushion. In each instance, local drug concentrations are optimally elevated, while systemic drug exposure is relatively low, limiting the possibilities for adverse drug effects. 
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